In this paper, we address the physical origin of self-pulsation in narrow stripe edge emitting semiconductor lasers. We present both experimental time-averaged polarization-resolved near-field measurements performed with a charged-coupled device camera and picosecond time resolved near-field measurements performed with a streak camera. These results demonstrate dynamic spatial-hole burning during pulse formation and evolution. We conclude from these experimental results that the dominant process which drives the self-pulsation in this type of laser diode is carrier induced effective refractive index change induced by the spatial-hole burning. where his research activities were centered around spatial, spectral, and dynamical emission properties of semiconductor lasers. His studies concentrate on nonlinear dynamics, synchronization of coupled lasers, VCSEL emission, high-power laser emission, femtosecond spectroscopy and THz generation. He has had research stays with Air
I. INTRODUCTION
S ELF-PULSATION (SP) is the term commonly used to describe the pulsed emission obtained from certain laser diodes when operated under dc bias. The phenomenon has been known from the early days of semiconductor lasers [1] - [4] , and has been exploited to beneficial effect in several optoelectronic based devices. The origin of SP in laser diodes varies according to the device structure. In laser diodes which have a saturable absorber adjacent to the gain section, such as CD or DVD edge-emitting lasers (EELs) [5] , or vertical-cavity surface-emitting lasers (VCSELs) [6] , the SP is explained using bifurcation theory and is understood to be undamped relaxation oscillations [7] , [8] . In the case of single mode distributed feedback (DFB) lasers, an explanation based on a dispersive -switching has been published [9] , [10] . An alternative explanation relies on presence of a negative effective differential gain [11] . In some multimode DFB lasers, the SP can be attributed to a periodic switching between two modes due to a mode competition [12] , [13] . In multisection DFB lasers, the possibility of spatial instability was investigated [14] . Mode Manuscript beating where SP frequencies up to 100 GHz corresponding to the frequency difference between two consecutive lasing modes selected by the subcavities has also been demonstrated [15] . Very recently evidence for passive mode-locking in DBR lasers has been published [16] . Other reports of SP in DBR lasers have attributed the origin of the SP to four-wave mixing [17] , [18] . SP lasers have multiple applications. In all-optical telecommunications systems, the SP laser can be used: 1) to retrieve the bit-rate of an incoming return-to-zero data signal [19] ; 2) as chaotic carrier in secure systems [20] , [21] ; or 3) as RF carrier for hybrid RF-optical networks [22] . In optical storage systems, SP lasers are currently used in CD and DVD players. SP lasers are advantageous in these applications since their short coherence length makes them less sensitive to optical feedback and leads to a very low relative intensity noise [23] .
In this paper, we present a detailed experimental investigation of the SP phenomenon in CD lasers, leading to a more complete understanding of the origin of SP in these devices. The conventional CD laser is a narrow stripe component as shown in Fig. 1 . The laser diodes are designed so that the lateral electromagnetic field extends from an electrically pumped region of the stripe layer to unpumped regions on either side which act as saturable absorber sections. Lateral charge carrier transport effects in the nonuniformly pumped stripe layers would, therefore, play a strong role since it is well known that they affect the damping of relaxation oscillations in bulk active region lasers [24] - [27] and quantum-well structures [28] . In our previous work, however, it was shown that strongly temperature-dependent effects (such as charge carrier diffusion) do not play a key role in the pulse generation in the CD lasers [29] , [30] . In order to develop further understanding of the SP mechanism in this type of laser structure, we have performed a series of measurements to observe the influence of spatial-hole burning on the effective refractive index of the waveguide. The paper is organized as follows. In Section II-A, the laser performances are described with an emphasis on the SP behavior as a function of temperature. In Section II-B and C, results concerning investigations of the near-field at the output facet are discussed both in terms of time averaged and real-time measurements. These observations have allowed us to develop a better understanding of the mechanism leading to the generation and evolution of pulses in narrow-stripe EELs. The genesis of the pulses is further discussed in Section III and finally conclusions are drawn in Section IV.
II. EXPERIMENTAL INVESTIGATIONS

A. General Experimental Considerations
We characterized four SHARP LT022MD laser diodes over a wide range of operating conditions and found the behavior of each device to be very similar. As far as possible we have tried to present the experimental trends from one representative device in order to preserve some element of consistency throughout the paper. The structure of these devices is illustrated in the inset of Fig. 1 . The laser consists of a Fabry-Perot cavity with a bulk AlGaAs active region with emission wavelength at 800 nm. The gain section is pumped through a p-type electrical contact and has the following approximate dimensions: 250 m long, 2 m wide, and 0.2 m thick. The two -blocking layers confine the current to the central region of the active layer, resulting in two lateral unpumped regions at either side. The tails of the optical mode propagating along the laser cavity overlap with these electrically unpumped regions. During the cycle of pulse emission the interband optical absorption in these electrically unpumped regions becomes saturated. The resulting change in carrier density causes a related change in the complex refractive index, thereby changing the transverse guiding and losses as the pulse is emitted.
As illustrated in Fig. 1 , the device is placed in a liquid nitrogen cooled optical cryostat which allowed temperature tuning in the range, K K. The emitted light is then collected by a 0.65-NA microscope objective and passes through a 36-dB optical isolator to avoid any feedback which could influence the SP behavior. At the isolator output the light is monitored by either an integrating sphere (not illustrated) or a 60-GHz bandwidth photodiode. The integrating sphere is used to record calibrated, time averaged power measurements. Fig. 2 shows the typical light-current ( -) behavior of this type of laser diode measured with an integrating sphere and for various heatsink temperature range. Between 150 and 370 K, the -behavior is linear above threshold. However below 150 K, the -curves develop significant nonlinearities which increase in amplitude with decreasing temperature. This observed behavior can be explained as a change in the modal gain, since the slope efficiency between the threshold current and the nonlinearity is different from the slope efficiency above the nonlinearity. This change in the modal gain is due to perturbations in refractive index and gain resulting from spatial burning. This is confirmed by experimental measurements of the near-field at the output facet detailed in Section II-B (see explanation related to Fig. 7 ). Next, we investigate the fundamental frequency of the SP as a function of bias current. The 60-GHz photodiode was used to transform the optical emission to an electrical signal which was observed with a 22-GHz bandwidth RF spectrum analyzer. Fig. 3 shows the SP frequency versus bias current over the same temperature range. Self-pulsation is extinguished at 130 K approximately. This suggests that there is a relationship between the temperature induced effects on the parameters of the laser and the generation of the SP. To gain further understanding we carried out polarization-resolved -characteristics at 370 and 77 K. For a slab waveguide, only two types of guided transverse modes are supported, i.e., transverse electric (TE) and transverse magnetic (TM). For TE modes, the polarization of the guided light is aligned along the plane of the active layer and for TM modes the polarization is aligned along the growth direction. CD laser diodes are designed to emit predominantly in the TE mode, since it has a slightly larger confinement factor and facet reflectivity. One practical consequence of this fact is that it provides a way to probe the transverse carrier distribution, since a crossed polarizer can be used to effectively block the TE lasing mode. The remaining light will then be mainly due to spontaneous emission related to the carrier density through a quadratic dependence. Fig. 4 (a) and (b) shows the polarization-resolved -characteristics for heatsink temperatures of 370 and 77 K, respectively. Our lasers have their lasing emission in the TE mode. On the left axis of each graph, we have plotted the nonpolarization-resolved -curve and on the right axis the TM-polarized -curve recorded through a Glan-Thompson polarizer. In Fig. 4(a) , the polarization unresolved -curve shows a threshold current at 80 mA approximately and a collected emission of about 4.5 mW at 110 mA. The TM-polarization-resolved -behaves according to a power law up to 80 mA. As shown in the inset, the exponent of this power law is equal to 1.5. Above the threshold current, the TM-polarized light collected does not continue to increase with current, but it does not saturate either. Under the same experimental light collection conditions, the TM-polarized optical power is less than 20 W at 100 mA, compared to the nonpolarization-resolved optical power of 3 mW. In theory, the carrier density in a mono-section laser becomes clamped at threshold. In our experiment, the increase in the TM emission and consequently in the carrier density can be explained by gain suppression resulting from spatial, spectral-hole-burnings, and carrier heating. Above threshold, any further increase in current leads to stimulated emission. This type of behavior happens down to 150 K. Fig. 4(b) is recorded at K. The TM-polarization-resolved curve appears to pin once at the threshold level and for a second time at higher level around the nonlinearities observed in the nonpolarization resolved -curve. We have performed a near-field observation of one of the output facets to get further understanding of the origin of the nonlinearities observed. Any changes in the modal gain can be measured in the near-field.
B. Time-Averaged Near-Field Investigations
The experimental setup for the near-field investigation is shown in Fig. 5 . The emitted light is collected by a 0.65 NA microscope objective and passes through a Glan-Thompson polarizer to form a polarization-resolved image on the CCD array. A neutral density filter is used to avoid saturation of the CCD array. In order to minimize the optical feedback to the laser diode, the Glan-Thompson polarizer and the neutral density filters are set at a very slight angle to the beam. The beam is then focused down to a spot by a 25-cm focal length lens. The total magnification of the system was calibrated using a pinhole array and was found to be 38.5. With this setup, we are able to observe the light distribution in the TE or the TM mode.
The near-field has been investigated in terms of its asymmetry. Fig. 6 shows an example the normalized intensity distribution as a function of the position along the plane of the active region recorded at a bias current of 17 mA and a temperature of 77 K. We can define as the position of the peak intensity, as the position of the mean intensity given by (1) and the standard deviation by (2) With the polarizer aligned in the plane of the TE-mode, the spatial intensity distribution of the stimulated emission is recorded. In contrast, when aligned in the plane of the TM-mode, it is the spontaneous emission that is recorded. These measurements have performed as a function of bias current and temperature. Fig. 7 shows the magnitude of the deviation between the position of the middle (or mean) of the near-field and the position of the peak near-field power as a function of bias current, for four temperatures 77, 150, 230, and 310 K.
At 77 K, for non-and polarization resolved measurements of the magnitude shows some similarity. Below threshold current, both magnitudes are identical. As the current increases, both magnitudes increase with bias. However, at 13 mA, the nonpolarization resolved magnitude decreases with bias, while the polarization resolved magnitude increases. At 17 mA, the polarization resolved magnitude reaches its maximum, and the nonpolarization resolved magnitude reaches its minimum. The distribution of the spontaneous emission is thus widely spread at this current. This bias corresponds to the bias at which the nonlinearity appears in the -curve shown in Fig. 4(b) . Hence, the origin of this kink is due to a change in the modal gain. Beyond this bias, the polarization resolved-magnitude decreases with bias, the spontaneous emission is, therefore, more confined. At 20 mA and beyond, both magnitudes are of the same value. At temperatures above 77 K, for nonpolarization resolved, the magnitudes are almost constant with current and very close to zero, confirming the symmetry of near-field for all bias currents above the threshold current. In contrast, for the TM-polarization-resolved SP near-field pattern is spread around zero until threshold and then increases monotonically with increasing bias current.
The key to understanding this observation is to remember that these near-field patterns are time-averaged, since the laser is SP at gigahertz frequencies. Typically, the duty cycle of these laser diodes is about 10% when it is exhibiting SP, as shown in Fig. 9 . In the case of the nonpolarization observation, the average power of the stimulated emission signal is much larger than the spontaneous emission signal. Therefore, it must be assumed that the near-field pattern is on average, symmetric during pulse emission. In the TM-polarization-resolved measurement, the stimulated emission signal is effectively blocked from reaching the detector. The light which is observed is then more representative of the time-averaged near-field pattern when the laser is in the other 90% of its duty cycle. Fig. 7 demonstrates discrepancy between the distribution of the lasing power and the spontaneous emission above threshold for the last three temperatures. The difference in the behavior of the nonpolarization-resolved and the polarization-resolved is indirect evidence of a modification of the guiding in the laser cavity during the lasing process.
C. Real-Time Spatial Dynamics
Next, we have performed a real-time investigation of the near-field output. The relevant experimental setup for this measurement is depicted in Fig. 8 . The emitted light is collected using a microscope objective, and focused on the input slit of a streak camera. No external modulation is applied to the laser diode in order to trigger the streak camera. In this way, we can be sure that there is no external influence that might otherwise affect to free-running SP dynamics, particularly in the manner described in [31] .
First of all, Fig. 9 shows the spatially integrated optical power from the SP laser over a 4-ns time window. Four well-defined pulses can be seen. The time delay between each pulse is slightly longer than 1 ns, indicating a SP frequency just below 1 GHz. Fig. 10 is an example of a contour plot showing the temporal evolution of the transverse intensity distribution of one of these pulses. Even though the signal to noise ratio is less than 10 dB, it is possible to discern the pulse evolution. The first signs of pulse emission begin at around 100 ps. As time progresses the pulse begins to broaden, reaching a maximum width between 175 and 225 ps. It is important to note, however, that the full-width at half-maximum (FWHM) of the intensity distribution actually narrows as time progresses because the optical power peaks sharply and is concentrated in a much smaller width. This is because the pulse is more tightly confined in the active region. By 250 ps, the apparent overall width of the pulse has narrowed again just before the lasing emission is extinguished. Much stronger evidence for this apparent behavior can be seen in Fig. 11 . This figure shows the time evolution of the spatially integrated optical power (top) and of the standard deviation, , of the intensity distribution (bottom), calculated by integrating along the spatial coordinate of Fig. 11 . In this case, gives a figure of merit which describes an effective width of the intensity distribution along the TE-mode. The standard deviation is a particularly useful figure of merit in this case since the very low signal to noise ratio does not otherwise allow a meaningful width (such as the FWHM) of the intensity distribution to be measured. In this bottom plot, the change in width of the intensity distribution is now very clear. At 100 ps, near the beginning of pulse emission, has a relatively large value around 0.9. As time progresses, the value of drops, reaching a minimum value of 0.55 between 175 and 225 ps. This is the point at which the pulse is most tightly confined and also corresponds (from the top plot) to the point at which the pulse reaches its peak power. By 250 ps, has returned to its original value of 0.9 just before the lasing emission is extinguished.
In Fig. 4(a) , the slight increase in the TM-polarization resolved -curve above threshold current was attributed to gain suppression due to spectral, spatial-hole burning and/or carrier heating. In the same temperature condition, the real-time observation of the near-field shows that the optical mode becomes more strongly confined (almost 50%) as the pulse is generated in the optical cavity. The explanation for this behavior is as follows. During the pulse formation the carrier density increases in such a way that more carriers are found in the central electrically pumped gain section. This reduces the refractive index step between the central electrically pumped gain section and the surrounding unpumped regions. The net result is an antiguiding effect. Hence, the losses increase and more carriers are required. When the gain eventually equals the losses, the lasing condition is satisfied resulting in stimulated emission. As carriers begin to recombine the refractive index step becomes larger and the mode is more strongly confined. It is this interaction between antiguiding and self-focusing caused by spatial hole burning which is the true origin of the SP.
III. DISCUSSION
The active region is pumped through a p-type electrical contact and the current is confined to the center by two n-type blocking layers on either side of the central region. These blocking layers create an effective refractive index profile in the lateral direction with a maximal value of refractive index in the center region to guide the optical mode. As the current is injected into the laser the large concentration of carriers toward the center tends to counterbalance this guiding by setting up a real antiguiding refractive index profile through the highly carrier density dependent complex refractive index. Due to this antiguiding effect the optical gain must increase to overcome the losses. Once the lasing condition is reached carriers recombine to create stimulated emitted photons. As the carrier density decreases the inherent effective index guiding of the blocking layers begins to dominate and less optical gain is required to overcome the losses in the cavity. Eventually the population inversion becomes depleted and the device can no longer sustain lasing. The carrier density must then recover before the conditions necessary for lasing are achieved again. The localized consumption of carriers, i.e., spatial-hole burning in the center, leads to a self-focusing of the lasing emission.
The SP phenomenon in this type of laser is generated by a modification of the waveguide, switching between self-focusing and antiguiding. This leads to a change of the losses. This spatial-hole burning manifests itself. In the steady state observation, it causes the increase of the spontaneous emission with bias current in Fig. 4(a) . In the real time measurements, it produces antiguiding and self-focusing effects leading to a change of the cavity losses.
A key factor in the control of this proposed mechanism is the shape and magnitude of the step in the lateral refractive index profile. The shape and magnitude of this step will depend crucially on the transverse geometry of the laser structure, and on the refractive indexes of the surrounding material. Studies by Buus [32] have also shown that when the variation of the refractive index step is reduced from 4.5 10 to 1.5 10 the kink is more prominent. Furthermore, Stern [33] has shown that variation in refractive index due to free carrier absorption and gain variations is less at 77 K than at room temperature. Therefore, it is expected that as the temperature decreases from room temperature to low temperature the refractive index step will decrease and the kink become more prominent. In this regime of small refractive index step at low temperature, the self-focusing and antiguiding effects are no longer strong enough to generate the SP at the lower temperatures (as shown in Fig. 3 ). This explains the similarities of the lasing mode and spontaneous emission intensity distribution shown in Fig. 7 . Thus, when the refractive index changes induced by the intensity are suppressed, the SP disappears. The spatial-hole burning is, therefore, the cause of the instability leading to the SP. In order to obtain robust SP in new material systems, the shape and magnitude of this step would have to be carefully chosen to optimize the guiding/antiguiding instability at lasing carrier densities predicted numerically in multiquantum-well lasers [34] . Similar behavior in broad stripe laser diodes have been investigated both experimentally by Paoli [35] and van der Ziel [36] , and theoretically by Buus [32] .
IV. CONCLUSIONS
By using a combination of polarization-resolved time-averaged near-field measurements and streak camera measurements, we have shown that waveguide instabilities are synonymous with CD lasers. At low temperatures when the lasing emission is continuous-wave, nonlinearity in the -curves are observed and can be attributed to nonuniformities and asymmetries in the waveguide which lead to preferential guiding of the optical mode off center [32] . As the temperature is increased, higher carrier densities are required to reach the same value of optical gain. The increased antiguiding due to this larger carrier density leads to an instability in the waveguide which results in SP. We have observed this antiguiding effect in real-time, thus confirming our hypothesis that SP in these devices arises from the interplay between inherent effective index guiding of the cladding and blocking layers, and the antiguiding which results from the presence of carriers in the active region.
Consequently from a simulation point of view, the rate-equation model is still a reliable tool to predict the behavior of CD lasers, but it should include the spatial-hole burning. This will appear as a modification of the confinement factor as the function of the photon density in order to take into the waveguide fluctuation. Of course, to obtain a complete representation of the SP dynamics it would be necessary to move to a full two-dimensional model such as [34] .
These results have important consequences for the future design of SP lasers. In order to obtain robust SP in other material systems, considerable care must be taken when choosing the thickness and doping of the various layers, which in turn is necessary to obtain the optimum effective index profile with pumping, leading to the waveguiding instability that causes SP. Pascal Landais (M'02) received the Ph.D. degree in
